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The discovery hv Sweeney and Hastings (LL^8) that cell division can be 
readily phased in Gotiyaulax has increased interest in marine diiujOagellates for 
the analysis of metabolism in dividin^^ cells. I lowever, with the exception of 
some general data on t)hotosynthesis in (lO)} you lax (Hastings cl al., EE)1 ) and 
GytJnioditiiugi ("i\[oshkin<a, 1961) as well as (^n the excretion of snhstances 
(WAngersky and Gnillard. 1660). very little is known about the energy metabolism 
of dinofiagellates. .And perhaps as nnfortunate, e^'en less can be assumed, for it 
has become ai)[)arent in recent }ears that the way in which energy metabolism 
is patterned in different algal groups can be (juite diverse. W’e report here 
some experiments on the respiratory metabolism of intact cells (jf Gyuuiodiaiuia, 
a common marine dinotlagellate. 

AI A TER IA LS A NI ) M E1' 11OT )S 

Pure cultures of Gyiunodiniitin ncisoni (clone (LSP,L) were obtained from 
Dr. Gnillard of the W’oods Hole ( )ceanogra|)hic Institution. Idiese were cul¬ 
tured in an enriched sea water medium (see Guillarcl and Rvther, 1662). (Irowth 

was (kUermined, by mounting l-ml. samples of cells immobilized with ])otassium 
iodide in a Sedgewick-Rafter cell. Growth was under either continuous light 
(400 foot candles) or in an l8-hour light- alternating with a 6-hour dark-period. 
Tn the latter case, cell division was somewhat phased, up to five times as many 
cells dividing jier unit time within the dark-pendod than in the light-period. Dur¬ 
ing the light-]:>eriod, less than 2G of the cells could be se(*n dividing at any one 
time: during the 6-honr dark-iieriod, 109? were dividing. The mean generation 
time for cultures at 2l° C. was 3-4 days. Cultures were used for laasjiiratory 
studies at densities lietween 7000 and 30.000 cells/ml., e(juivrdent to about 150- 
600 /yg. dry weight/ml. 

In th(‘ir studies of blue-green algae, Eratz and Myers (1655) found that 
cells sns])('nded in ])hos])hate bulTer, bicarbonate buffen*. or in the original growth 
medium all had e<jual respiratory rates. ( )ur cells behaved similarly and we 
therefore adoi)t(‘d the third and simplest tc'chnique. ( )xygen upl.ake was assayed 
with a Teflon-covered oxygen electrode ( Kanwisher, 1956), \N iih the platinum 
held —1.25 V. to the reference electrode, and 0.5 X K( )H (‘lectrolyte. The <*k'C- 
trode rt'action it^(‘lf consumes a molecule of for (*ver\’ 4e- oi current flow, for 

^ Contrihutioii X^n. 1371 from Woods Tfolc Oceanographic Institution. 

“ Peter W. I Ioclia<'lika worked under i>liysiology training grant sui)ported by XT If. 
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small closc’d syslfans, lliis (‘lT(‘Cl iiiii;lil produce a si<;iiiricanl error: with larj^e 
respironieters, il can 1)(‘ ii^norerl. 

Samples of cells were drawn aseplically from ^•rowill^^ cultures and trans¬ 
ferred into vials of 22-ml. size. A small stirring bar was ))laced into each 
res]:>irometer. Each vial was then stoppered with a rubber sto})i)er into which was 
fitted an ( )2 electrode and a 16-gauge hyp(Klerinic needle (see llochachka ct al., 
1962). In operation, the vials were held in a 21° C. regulated water hath and 
stirred magnetically. Substances and inhibitors were added in volumes 1/ 100th 
that of the respirometers through the hypodermic needle without interru])ting 
stirring of the cell suspension, dlie suspension was centrifuged at the end of a 
run, the cells were washed with h ^hen dried to constant weight for Qoo calcu¬ 
lations. 


Results 

.A tvpical Oo. (dry weight ) for cells in exponential phase of growth under 
continuous light was about 4.4 mm.^ (lo/ing. hour. In cultures grown under 
alternating light- and dark-periods, the respiratory rate fluctuated. Rate figures 
for cells in the dark-i)eriod were as low as 1.5 min.^ Go 'mg./hour; three hours 
before the onset of the dark period, the cells had a Q 02 ol about 2.5. 

Most of the compounds tested, over concentration ranges of 10^^ to 10“-d/, 
t)roduced no change or less than a 5% change in endogenous respiration. These 
included: glucose, fructose, galactose, glucose-l-phosphate, glucose-6-phosphate, 
fructose-1,6-cliphosphate, rihose, giyox\ late, glycocoll, serine, a-alanine, methionine, 
glutamine, cystine, oxidized glutathione, diphosphopyridine nucleotide (l)PX), 
DPXII, Coenz}'me A, EDTA, and diethyl dithiocarhamate (DEC). 

Respiratory inhibition was obtained by the compounds listed in Table T. Vari¬ 
ations from the averages given were usually less than 10%. The values are based 
on final rales after treatment. The concentrations given are those found maxi¬ 
mally effective. IVisons of the glycolytic enzymes did not depress respiration 
as effectively as those of the Krebs cycle. Inhibition with malonate and fluoro- 
acetate was rapid, a new respirator}- rate being established within a few minutes 
after the poisons were a|)j)lied to the cell suspension. This rate, once es¬ 
tablished, did not change with time. However, in cells grown in alternat¬ 
ing light- and dark-periods, the effectiveness of these ])oisons varied. In 
Table II, malonate sensitivity is recorded as a function of the light-dark periods. 
Hie values again are based on final rates after malonate addition compared 
to control rates. Respiratory blockage was greatest at ibe beginning of the dark- 
period and in the middle of the light-period. Two alternative explanations for 
this finding are available: (1) ciianges in permeability or (2) changes related to 
cell (livision (Stern, 1959: Sorokin and Alyers, 1957) which, it will be recalled, 
was phased, about 5 times as many cells dividing jicr unit time in the dark-period 
than in the light. The last alternative is unlikely, since the generation time of the 
culture was long enough (vE5 days) to yield at any one time ])opulations with cells 
at all stages of maturation. 

The inhibition of respiration produced by the addition of oxaloacetate, citrate, 
and or-ketoglutarate is not understood. Oxidation of dihydroxyacetone dimer. 
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1 Ani.lv 1 

hr rlf'cd of various i oiopounds upoii the uplukc of ('.\ innodiniiim, 
recorded us per leut ( Ihuii^e from the endo;^cuous rate 


Inii!l)itoi \ eompounds 

('oncentration 

Xo. of tests 

Per cent change 

)tl()a( t UiU* 



10 3 

M 

12 

- 10 

I'liiorifk* 

2 

X 

10-3 

M 

2 

0 

.\t sonitp 

5 

X 

10 3 

M 

5 

-51 

Malonatp 



10-3 

M 

7 

-65 

(SIRA in. Up rpstoratioii ) 

6 

X 

10-^ 

M 

7 

15 

I’liioroacetatp 



10 

M 

4 

-87 

A/ide 



10 3 

M 

2 

-52 

C\anide 


X 

10 3 

M 

2 

-55 

Oxaloacetate 



10-3 

M 

6 

-75 

Citrate 



10-3 

M 

4 

— 65 

(Y-ketoL^lutaratc 



10-3 

M 

.> 

— 76 

Stimiilat(jr\’ compcYunds 







1 )ihydr()\\acetone dimer 

2 

X 

10 2 

M 

4 

54 

Acetate 



10-3 

M 

0 

5 

Succinate 



10 3 

M 

10 

15 

I’lima rate 



10 -3 

M 

4 

5 

Malate 



10 3 

M 

4 

5 

Malate plus acetate, each at 



10 3 

M 

4 

5 

/5-alanine 

2 

X 

10-2 

M 

2 

18 

( 'ilutamate 

2 

X 

10 2 

M 

2 

21 

Ascorl )at(* 

6 

X 

10 ^ 

M 

4 

505 


1.2 

X 

10 3 

M 

1 

600 


1.8 

X 

10-3 

M 

1 

900 

Reduced ij^liital hione (CSFl) i 

6 

X 

10 ' 

M 

5 

504 

('ysteine 

6 

X 

10 ^ 

M 

2 

67 


<(lutamale. «-alanine. acetate, fiiiiiarate. and nialate presiiniahly occurred zmi the 
Krebs cycle. 

Idle striking' stinmlatory effect of ascorbic acid, reduced ghilatbioue ((iSlI), 
and CNsteiiie on tbe respiration of a marine al^a has not lieen re])orted ])revioiisly. 
Some ly])ical examples of tins effect are shown in d'able i for cells growin^^ under 
continuous light. 

At ])h\siological pi 1 ascorbate does not normally autoxidize (Mapsou. K 15 S). 


lAHLi: II 

Chaujiin^ sensitivity of respiration to lO M nialonate duriny, the tight-dark cycle. 
Data expressed as per cent decrease from endogenous rates of (h, uptake 
measured at the same time 


Time in ii^hl perio.i 
(> lionrs 
Q 
12 
l.S 


rime in dark period 

1 2 liours 
24 


Xo. of te'<ts 




i )e( rease in (>.• uptake 

15 

57 

60 

15 


04 

51 
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In control res])iroinetcrs containing only autoclaved sea water medium, we found 
no detectable autoxidation at low concentrations of ascorbate ( to 10^ M): 
at higher concentrations of ascorbate, a significant autoxidation occurred (Table 
HI ). So that corrections for autoxidation would lie unnecessary in experiments 
with cell sus])ensions, concentrations of 10 M were used routinely. ()ver a 
concentration range of 10 to 10 , cwsteine and (iSIl did not autoxidize under 

our conditions. 

Table III 

'/lie utilization of 0-2 by autoxidation of ascorbate in an autoclaved sea ivater medium used 
for orouabi^ G\'nin()diiiiiiiii, expressed as mg. ()> used per hour 


Test system 

St*a water 


O 2 uptake 


0.01 
0.01 
0.04 
0.08 


Sea water + 6 X 10~^ M as('orl)ate 
Sea water + 8 X 10^^ 4/ a.seorhate 
Sea water + 5 X 104 /asta^rhate 


In other plants, a (iS11-ascorbate electron transfer scheme is fairly well char¬ 
acterized (Mapsott, R158, for a recent review). Getierally. arseuite and iodo- 
acetate activate the oxidation of ascorbate to dehydroascorbate. DFX' and cyanide 
inhibit ascorbic acid oxidase, but EDdW, (iSH, atid cysteine do not affect tiie 
pttrified enz}'mc from higher jtlants. The ascorbic acid oxidase is atypical in the 
slime tnolds in that cwanide and azide jiroduce slight but definite activation (\\ ard, 
1955). 

With iiyinnodlniiiin, the comjxiunds tested were found to affect ascorbate. 
(ISIf. and cysteine oxidations in a similar manner, 'fhe data are in Table IV. 

In each case, several concentrations were tested. ( )n1y those at which active 
compounds were maximally effective are recorded in Table 1\T the ranges of 
concentrations tested are indicated by comixitinds which did not seem to affect 
<ascorbate oxidation. The effect ])rodticed by the active com])ounds was ra])id and 
usually did not change over fairly short time periods. 

As in higher ])1ants, ascorbate oxidation in Gyiunodiiiinui is activated by 
arsenite but unaffected by iodoacetate. Cyanide enhanced ascorbate oxidation, as 
in the slime mold, lint azide was without effect. Since the latter two compotuids 
inhibited endogenous res])iration. jiresumably b}- blocking tbe cytochrome chain, 
these findings rule out the ])ossibility th<at ascorbate oxidation was catalyzed by 
cytochrome oxidase (WT^hster and Pb'enkel. P)5o). "fhe oxidation of ascorbate 
was also aty])ical in that it was unaffected by DEC', j^resumably becau.se of lack 
of ]jenetration. 

.\lthough IfDd'A did not affect res])iration of control cell susjjensions, it com¬ 
pletely inhibited ascorbate oxidation. Again, this is not tyjiical of the oxidase in 
other sources, and can be ex])lained in two ways: either the oxidation may be 
proceeding by coj)])er catalysis fVapson, 1958) and not by a sjiecific ascorbic 
acid oxidase: or secon<lly, since co])])er is known to lie released during reaction 
of ascorbic acid oxidase. EDd'A-inhibition may arise by chelation of this cojiper 
with concomitant inactivation of the enzyme. 1'he action of nSII and cysteine 
on ascorbate oxidation might be explained in a similar manner (Majison, 1958). 
Py comparison, oxidized glutathione, cystine, and methionine did not affect as¬ 
corbate oxidation. 
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I'iic etfcd lki 'ious (ouipounds on ascorbate, GSfl, and cysteine oxidation in G\ niii()(liiiiuni, 
exp essed as per cent change. Xumbers in parentheses refer to number of tests. 

Cells grmvn in continuous light 




rercentasf 

etteci oil oxidation ol 10 ’ \I 


('oiKcntialioii 


- - 




Ascorbate 

(iSll 

t'i'steine 

Maloiuiie 

10-3^1/ 

- 100 

- 100 

- 100 



(5) 

(2) 

(2) 

I'luoroacfl.ite 

K)-3 M 

-100 

- 100 

-100 



(5) : 

(2) 

(2) 

I odoacetalc 

5 X 10 'to 4 X 10-" .U 

0 





(5) 



Arseni te 

2X103 M 

A 170 


0 



(3) 


(2) 

.\/i(le 

5 X 10 ^ to 10-3 y 

0 

0 

0 



(3) ' 

(2) 

(2) 

CAanicle 

10 3.1/ 

A 40 





(3) 



DKC 

5 X 10 Mo 4 X 10-3.1/ 

0 





(3) 



KI) r.\ 

5 X 10-Ml/ 

- 100 





(5) 



C\-.sieiiic 

10 -3 .1/ 

- 67 





(2) 



(;sii 

10-3 y 

— 75 


- 04 



(2) 


(2) 

C'ysl ine 

5 X 10 Mo 10 Mt/ 

0 

0 

0 



(2) 

(2) 

(2) 

(i.SSG 

5X10 ^ to 10 -2 .1/ 

0 

0 




(2) 

(2) 


Methionine 

5 X 10-Mo 10 -2 4/ 

0 

0 

0 



(2) 

(1) 

(1) 


The iulii])itioii of llie (IS 11-ascorbate ])ath by nialonate and diKn'oacetale was 
also \’crv ]>r()n()iinced. sii^i^^estiiii; a.couplini^ of sucli a cliain to the Krebs cycle, 
d'bis siio'ir^^siion is in accord with ^b)nno- and Conn (1^)56). who found that (bSll 
oxidation occnrrecl in initocboiidria in the presence of catalytic amounts of as¬ 
corbic acid; reduction (d oxidiz(*d <;bualbione was con])led to the oxidation of 
Krebs cycle intermediates. d'boiiL;b in (fyiiinodiniujii ascorbate oxidation seemed 
to be concentration-de])endent (Table 1), this likely was not due to a greater 
utilization of ascorbate f^cr sc. lly calculation it can be shown that complete oxi¬ 
dation of 5 X 10 ^ ascorbate would de])lete all .available oxvt^en in our respirom¬ 
eters. As i^'ii(ure 1 shows, this did not occur. rerbai)s the concentration de- 
j)endeiice of ascorbate oxidation is somehow related to a reaction-inactivation 
which we observed. A tyi)ical recordini^ (I'iita 1) shows the pattern of decay 
in the ascorbate-stimulated res])iration. d'bis c-lTect, which is also found in bi< 4 iier 
])lants. may be due to l»»\ver(‘(l ( tensions, or to 1 )w, which is tbouLt'bt t(j i)ro- 

duce the reaction inactixalion in bibber ])lants (d'okuyama and Dawson, kT)2). 

A sbortai^c of time prexented any but lu'ief analvsis of (iSil and cysteine oxi¬ 
dation. On the basis of the data in 'Table 1\^ and tb(‘ fairh- well cbaracterizt'd 
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system in plniits, it is assumed that (ISIT oxidation is tied up with ascorl)ate 

metaholism. Tins, liowc'ver, is in ne(‘d of mncli further study. I’erha])s it is 
worth mentioning tliat the reaction, cysteine + oxidized ghitathione GSll T 
cystine, can proceed spontaneously ; hence, cysteine oxidation might simply reijre- 
sent (ESif oxidation. Alternative explanations are available. 



Figure 1. A typical recording of decreasing effect of ascorbate addition with time and 
o.xygen concentration on metabolism of intact cells of Gyinnodiniuui nclsoui. The e.xperiment 
was done in triplicate. Rate of oxygen uptake is proportional to the slojie of the lines. 


From these pilot experiments, it is difficult to determine tlie contribution of a 
GSTI-ascorhate system to the endogenous respiration of the organism. The large 
residual respiration remaining after azide and cyanide treatments of normal cells 
presuniahlv occurs via an electron transport chain other than the cytochromes. 
Fwidence of such a situation exists for other algae: Anahacna, for example, is 
insensitive to CO and sensitive to cyanide and azide only at high concentrations 
(W’ehster and Frenkel, 1953) : cytochrome oxidase apparently is absent in some 
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.strains (0* i Jilc cUa ( Kolcsnikox' and kanor, 1001). I lowcxan*, if a jHjrlion of 
cMxIoiLtcnons rc'spiratioii in (iyiiuKulinium dejiciidcd upon a (IS 11-a.scorbate clcc- 
ir(ni transfer cliain, one would expect an inliihitor to lower the endogenous rate 
and actiwatinii;' coni])ouiids to raise it. As d'ai)]e l\" shows. I'J) ('A is an effective 
iiihihitor while arsenite is an effective stimulator of ascorhate oxidation in these 
cells. Ihit, as ])reviou.sly mentioned, hX)d\\ has no effect on endogenous res]:)ira- 
li(jn and arsenite actually inhihits it. 'fherefore, there can he little if an}- par¬ 
ticipation of a CjS 1 1-a.scorhate swstem in endoj^taious res])iration of these aljj^ae. 
In higher ])lants, too, the full potential effect of ascorbic acid oxida.se is not 
realized in vivo. In pea stem internodes, for instance, the enzyme is ca])ahle of 
consuming (at a rate 40 times as great as the total res])iration of the tissue 
(see Ma])son, lfhS(S). In algae, then, the ])hysiological role of this system re¬ 
mains unclear. 


SlWl .MARY 

1. 4'he effects of ^'ariou.s inhibitors and substrates on the respiration of sus- 
])ensions of (iyinnodiniiiui were tested. lodoacetate, arsenite. malonate, fluoro- 
acetate. azide and cv.anide all inhibited the endogenous rate to some extent. 
Malonate and Ruoroacetate were most ])otent. Cells grown in c\cles of rdternating 
light and dark were most sensitive to malonate during the middle of the light- 
})eriod and at the beginning of the dark-])eriod. Most of the gl\col}tic inter¬ 
mediates used did not aflect the endogenous res])irator\' rate. Isrehs cycle inter¬ 
mediates either increased the res])iratory rate (succinate, malate, fumarate) or 
markedly decreased it (oxaloacetale, citrate, n-ketogiutarate). WAth the excep¬ 
tion of an increased ( >2 consumption in the pre.sence of glutamate, alanine, and 
c^ steiite, the t);: u])take of (iymuoiliiiiuin was unaffected by the .amino acids tested. 

2. A.scorhate .and reduced glutathione increased C)._. uptake profoundly. This 
uptake was further stimul.ated by cyanide and arsenite: it was insensitive to 
diethyldithioc.arhamate and .azide; it was com])letely blocked by cysteine. IMThA. 
m.alon.ate and lUioroacetale. 
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